Bacterial isolates were obtained from enrichment cultures containing humic substances extracted from estuarine water using an XAD-8 resin. Eighteen isolates were chosen for phylogenetic and physiological characterization based on numerical importance in serial dilutions of the enrichment culture and unique colony morphology. Partial sequences of the 16S rRNA genes indicated that six of the isolates were associated with the K subclass of Proteobacteria, three with the Q-Proteobacteria, and nine with the Gram-positive bacteria. Ten isolates degraded at least one (and up to six) selected aromatic single-ring compounds. Six isolates showed ability to degrade [ 14 C]humic substances derived from the dominant salt marsh grass in the estuary from which they were isolated (Spartina alterniflora), mineralizing 0.4^1.1% of the humic substances over 4 weeks. A mixture of all 18 isolates did not degrade humic substances significantly faster than any of the individual strains, however, and no isolate degraded humic substances to the same extent as the natural marine bacterial community (3.0%). Similar studies with a radiolabeled synthetic lignin ([L-
Introduction
Humic substances comprise an important fraction of dissolved organic matter (DOM) in estuarine and coastal waters, typically accounting for 20^60% of the DOM pool [1] . These chemically complex organic acids, characterized by carboxylic acid and phenolic hydroxyl groups [1] , are thought to originate via a number of di¡erent mechanisms, including the decomposition of plant material and the condensation of smaller molecules through biological and physical processes [2] . The fate of humic substances in estuaries and coastal waters is still not well understood. Although previously considered to be highly refractory to bacterial degradation, and therefore relatively unimportant as a carbon source for microbial food webs, evidence now suggests that components of estuarine and marine humic substances can indeed support bacterial growth [3^5] .
To this point, little progress has been made in identifying the bacteria capable of degrading humic substances in marine environments. In part, this situation re£ects the general belief that readily cultured bacteria represent opportunistic species, rather than typical estuarine or marine organisms, and therefore that studies of isolates have little ecological relevance. Recently, it has been argued that typical marine bacteria can indeed be isolated [4, 6] or that bacteria can be isolated which are closely related to ecologically important species and can therefore o¡er potential insights into their physiology [7] . In the case of humic substances-degrading bacteria, careful study of marine isolates could provide information on potential phylogenetic a¤liations and metabolic capabilities that allow growth on this complex substrate.
In this study we characterized 18 estuarine isolates that represented the dominant culturable bacteria in enrichment cultures established with humic substances as the sole carbon source. Isolates were found to be phylogenetically a¤liated with the K-Proteobacteria, Q-Proteobacteria, and Gram-positive bacteria. Their ability to degrade simple aromatic compounds, [ 14 C]humic substances, and [L- 14 C]dehydropolymerisate (DHP) (synthetic lignin) varied widely, and generally did not correspond to their phylogenetic grouping. Rates of mineralization of complex aromatics (i.e. humic substances and lignin) were lower for the isolates (individually or in combination) than for natural marine bacterial communities obtained from coastal seawater.
Materials and methods

Humic substances enrichment cultures
Estuarine water (30x salinity) was collected in April 1997 from the Satilla River estuary at Dover Blu¡ (Georgia, USA). This estuary is a typical salt marsh-dominated ecosystem of the southeastern USA, and vegetation in the £anking marshes is dominated by Spartina alterni£ora. The water sample (40 l) was acidi¢ed to pH 2.0 and passed through a 2.2U40 cm column of Amberlite XAD-8 resin. Humic substances were eluted from the XAD-8 resin with 0.1 N NaOH and deionized by passage through a Bio-Rad AGMP-50 resin [8] . Subsamples of 5 ml collected before and after passage through the XAD-8 column for analysis of dissolved organic carbon (DOC) concentration (Shimadzu TOC-5000 carbon analyzer) indicated that humic substances comprised 63% (875 WM C) of the total DOC (1375 WM C) in the sample.
Twelve enrichment cultures were established, each containing 100 ml of marine salts basal medium (MBM) (50 mM Tris^HCl (pH 7.5), 19 mM NH 4 Cl, 0.33 mM K 2 HPO 4 W3H 2 O, 0.1 mM FeSO 4 W7H 2 O, and half-strength arti¢cial seawater [9] ) amended with humic substances to a ¢nal concentration of 2625 WM C (three times the natural concentration of humic substances at Dover Blu¡). Three enrichment cultures served as uninoculated controls (no bacterial inoculum) ; the remainder were inoculated with 10 ml of 0.6 Wm ¢ltered seawater (34.5x) collected from the seaward portion of the Satilla River estuary at Jekyll Island, GA. The enrichment cultures were incubated in the dark at room temperature on a rotary shaker. A set of four enrichment £asks (three inoculated and one uninoculated control) was used for isolation of bacterial colonies after 1, 2, and 5 weeks of incubation.
Isolation of dominant culturable bacteria
A portion of the enrichment culture from each £ask was serially diluted (10 31^1 0 37 ) in 20x arti¢cial seawater (Sigma, St. Louis, MO). From each dilution, a 100-Wl subsample was spread-plated onto MBM agar plates (MBM plus 18 g l 31 agar) amended with 21 ppm humic substances (1660 WM C). The humic substances plates were incubated in the dark at room temperature for 5 days. Visible colonies were picked with a toothpick from the humic plates and inoculated onto half-strength YTSS for week 2, and 10 35 for week 5) that were morphologically unique were plated individually to purity on halfstrength YTSS plates and stored at 370³C in freezing medium (20 g of sea salts l 31 , 12% dimethyl sulfoxide, and 12% glycerol). Uninoculated controls did not yield colonies on the humic substances plates.
Phylogenetic analysis of dominant culturable bacteria
DNA was extracted from the 18 selected estuarine bacterial isolates by adding a loopful of cells into 1 ml of 0.1% Nonidet P-40 detergent (Sigma, St. Louis, MO) and boiling for 5 min. Cell debris was removed by centrifugation at 11 750Ug for 5 min. 5 Wl of the supernatant was used to amplify a portion of the 16S rDNA gene using primers 341F (CCTACGGGAAGGCAGCAG) and 907R (CCG-TCAATTCCTTTRAGTT) [10, 11] . The PCR ampli¢ca-tion mixture contained 0.1 mM (each) deoxynucleoside triphosphate, 100 nM (each) primer, 5 mM MgCl 2 , and 1 U of Thermalase rec-Thr (Amresco, Solon, OH) polymerase in a ¢nal volume of 50 Wl. After a hot start at 82³C for 10 min and 94³C for 3 min, the PCR temperature parameters for 45 cycles were as follows : denaturation at 94³C for 1 min, annealing at 55³C for 1 min, and extension at 72³C for 2 min. PCR products were analyzed by electrophoresis in a 1.0% (w/v) low-melt agarose gel to con¢rm correct product size. Negative controls consisted of the PCR reaction mixture with 5 Wl of H 2 O instead of supernatant. PCR products were puri¢ed using Wizard DNA minicolumns (Promega Biological Research Products, Madison, WI) and sequenced by the University of Georgia Molecular Genetics Instrumentation Facility (with 341F as the sequencing primer). Sequences were aligned with those in the Ribosomal Database project, GenBank, and EMBL databases using the Genetics Computer Group Inc. package [12] . Phylogenetic trees were generated with the PHYLIP package [13] by using evolutionary distances calculated with Jukes^Cantor corrections and the neighbor-joining method. Pairwise comparisons (GAP program, Genetics Computer Group Inc.) were used to determine percent similarity among the isolates and with the most similar bacterial sequence retrieved from the databases (FastA, Genetics Computer Group Inc.).
Nucleotide sequence accession numbers
The 16S rRNA gene sequences have been deposited in GenBank nucleic acid sequence database under accession numbers AF231411^AF231428.
Substrate utilization by isolates
All 18 isolates were tested for their ability to metabolize glucose, cellobiose, and a suite of aromatic compounds (ferulic acid, cinnamic acid, vanillic acid, coumaric acid, benzoic acid, and phenol). Bacterial isolates were ¢rst grown in MBM broth plus 0.2% yeast extract for 24^48 h. 1 ml of each broth culture (10 8 cells ml 31 ) was centrifuged at 2000Ug for 10 min, resuspended in 1 ml MBM, and inoculated into 100 ml of MBM amended with a 0.1% (v/v) ¢nal concentration of a carbon source (except for benzoic acid and phenol, which were at 0.05% ¢nal concentration). Each isolate was inoculated into triplicate £asks for each carbon source tested. Two sets of negative controls were prepared for each carbon source : one control contained no carbon source but was inoculated with bacteria, in order to insure growth was not occurring at the expense of residual nutrients from the YTSS plates; the second control contained a carbon source but was not inoculated, in order to monitor for bacterial contamination. All £asks were incubated at 25³C in the dark on a rotary shaker (120 rpm) for 5^10 days. For any £ask that displayed turbidity signi¢cantly above that in the uninoculated controls, a 1-ml subsample was transferred to 100 ml of new medium. If turbidity developed again within the next 3^5 days, the transfer was repeated two additional times. Flasks that exhibited turbidity through all transfers in all three replicates were scored as positive for growth. For aromatic compounds, loss of absorbance in the 2003 50-nm range in inoculated £asks (relative to uninoculated controls) was also used as an index of degradation.
[ 14 C]Humic substances utilization by isolates
Smooth cordgrass (S. alterni£ora), a dominant salt marsh plant in the Satilla River estuary, was collected in July 1997 and grown in 5-gallon buckets for 3 months. The plants were radiolabeled intermittently by sealing them in a large mylar bag containing 333 WCi (56 WCi mmol 31 ) of 14 CO 2 for 6 h. Radiolabeled plants were harvested, dried at 55³C, and ground into ¢ne particles using a Wiley Mill (size 40 mesh). Radiolabeled plant particles were then added to natural seawater (3 g plant material l 31 of seawater) and allowed to degrade in the dark with oxygenation for 7 months. Humic substances were then extracted from the seawater as described above. The speci¢c activity of the isolated humic substances (3812 dpm ml 31 ) was determined by adding 1 ml of [ 14 C]humic substances to 9 ml of scintillation £uid and counting in a scintillation counter (Beckman LS 6500).
Radiolabeled humic substances (7624 dpm, 2 ml) were added to MBM (20 ml ¢nal volume) in a milk dilution bottle, producing a ¢nal substrate concentration of 2300 WM C. Bottles were stoppered with a silicon stopper and out¢tted with a CO 2 trap consisting of a glass vial containing 2 ml of 0.2 N NaOH suspended from the bottom of the stopper. The 18 individual isolates were grown in 10 ml of MBM plus 0.2% ¢nal concentration of yeast extract for 24 h and 1-ml aliquots were centrifuged (2000Ug) into three replicate pellets until a total of 10 8 cells was obtained. The pellets were then resuspended in 1 ml of either MBM or 0.4% v/v yeast extract, and inoculated into triplicate milk dilution bottles. An additional set of triplicate bottles was inoculated with a natural marine bacterial community from seawater collected at Jekyll Island, GA (the mouth of the Satilla River estuary) in May 1998. To obtain the inoculum, seawater was pre-¢ltered through a 1.0 Wm pore size polycarbonate ¢lter and cells were collected on a 0.2 Wm pore size ¢lter. Cells were resuspended in 1 ml of MBM from the ¢lters until a concentration of 10 8 cells ml 31 was obtained and inoculated into the [ 14 C]humic substances medium. Another set of triplicate bottles was inoculated with an equal mixture of all 18 isolates, at a ¢nal (combined) concentration of 10 8 cells ml 31 . Negative controls (no inoculum) were also established in triplicate. Milk dilution bottles were incubated in the dark at room temperature on a rotary shaker (100 rpm) for 4 weeks. Mineralization of [
14 C]humic substances was measured at the end of the 4-week incubation by removing 1 ml of NaOH from the CO 2 trap and determining radioactivity as previously described. Percent mineralization was calculated after subtracting background counts in the negative controls (which averaged 6 10% of the counts in the inoculated bottles), with values less than twice the background counts scored as negative. In some cases, mineralization kinetics were tracked during the 4-week incubation by sampling every 3^4 days. In this case, 2 ml of fresh 0.2 N NaOH was added to each CO 2 trap after sampling, and the bottles were resealed.
Synthetic lignin mineralization
The ability of the 18 isolates and a natural marine bacterial community to mineralize lignin was determined using dehydropolymerisate of coniferyl alcohol with a radiolabel associated with the aliphatic side chain of the lignin monomers ([L-
14 C]DHP). Isolates were grown in 0.02% yeast extract and MBM for 5^7 days and then inoculated into duplicate milk dilution bottles containing MBM and 15 428 dpm [L- 14 C]DHP (speci¢c activity 399 000 dpm mg 31 ) [14] . Bottles were incubated and 14 CO 2 from lignin mineralization was measured as described above. The natural marine bacterial community inoculum was prepared in duplicate by collecting bacterial cells from pre-¢ltered (1.0 Wm pore size) Jekyll Island seawater (collected in March 1999) on a 0.2 Wm pore size ¢lter to a ¢nal concentration of 10 8 cells ml 31 . Bottles were incubated in the dark at room temperature on a rotary shaker (100 rpm) for 4 weeks. Mineralization kinetics were tracked by measuring 14 CO 2 accumulated in the NaOH traps once per week. 2 ml of fresh 0.2 N NaOH was added to each CO 2 trap after sampling and the bottles resealed.
Results
Phylogenetic analysis of dominant culturable bacteria
The 18 estuarine isolates recovered from the highest dilution plates during the development of the enrichment communities were members of three phylogenetic groups ( Table 1) . Analysis of partial 16S rDNA gene sequences indicated that six were a¤liated with the K subclass of Proteobacteria, three with the Q subclass of Proteobacteria, and nine with the Gram-positive bacteria (Fig. 1) . Isolates from weeks 1 and 2 included representatives of all three phylogenetic groups, whereas all isolates from week 5 clustered within the Gram-positive bacteria. Within the major phylogenetic groupings, one obvious cluster of K-Proteobacteria containing four isolates with 95.3^98.9% similarity was found (related to Aquaspirillum itersonni). A cluster of Gram-positive bacteria, containing six isolates with 97.1^99.5% similarity (related to species in the genus Paenibacillus) was also evident. All 18 isolates were unique, with the highest similarity found between Gram-positive isolates HS412 and HS346 (99.5%).
Substrate utilization by isolates
All 18 isolates were able to utilize glucose as a sole carbon source. Cellobiose was utilized by 14 of the 18 isolates; only one isolate in the Q-Proteobacteria (HS53) was able to degrade cellobiose, while almost all isolates in the K-Proteobacteria and Gram-positive phylogenetic groupings could utilize this substrate ( Table 2) . None of the isolates in the Q-Proteobacteria could grow at the expense of aromatic compounds, while this ability was present but variable in the K-Proteobacteria and Grampositive bacterial isolates (Table 2) . Of the 18 isolates, eight could not degrade any of the simple aromatic compounds tested, ¢ve exhibited a narrow range of degradation (1^2 aromatic compounds), and four exhibited a broad range of degradation (3^6 compounds) ( Table 2) . Vanillic acid and b-coumaric acid were the aromatic compounds most commonly degraded by the isolates.
Degradation of [ 14 C]humic substances
Two-thirds of the 18 isolates were unable to mineralize [ 14 C]humic substances produced during the degradation of S. alterni£ora detritus, showing no evidence of 14 CO 2 evolution signi¢cantly above that measured in uninoculated controls (Table 3) . Measurable rates of mineralization (0.4^1.0%) were found for HS105, HS141, and HS166 (all K-Proteobacteria, week 1), HS199 (Q-Proteobacteria, week 2), HS339 (Gram-positive, week 2), and HS406 (Gram-positive, week 5). Rates of humic substances degradation by these six isolates were generally three-to sixfold lower than those measured for the natural marine bacterial community (3.0%). With the exception of HS406, isolates obtained from the 5-week enrichments did not show measurable mineralization of humic substances. The arti¢cial bacterial community created by combining all 18 isolates did not mineralize humic substances faster than individual isolates (1.0%). Kinetics of [ 14 C]humic substances mineralization were generally linear for the isolates, mixed isolate community, and natural community ( Fig. 2A ; r 2 values of the linear regression averaged 0.96). The addition of 0.4% yeast extract in the Pairwise comparisons of partial 16S rRNA gene sequences were made for closest relatives using a minimum of 330 bp.
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cell inoculum resuspension did not signi¢cantly a¡ect rates of [ 14 C]humic substances mineralization (Table 3) .
Degradation of [L-14 C]DHP
Three isolates showed low levels of mineralization of synthetic lignin in the form of [L- 14 C]DHP (0.8^1.9%), three isolates exhibited mineralization between 3.1 and 5.2%, and 12 isolates displayed high levels of mineralization (6.2^8.8%). The highest rates of mineralization by the isolates were still 3^4 times lower than mineralization by the natural marine bacterial community (28.2%) ( Table 3) . Highest rates of mineralization occurred during the ¢rst week of incubation for the natural marine bacterial community and for over half of the isolates (HS53, HS105, HS141, HS146, HS199, HS209, HS296, HS339, HS346, and HS406), while the remaining eight isolates showed peak mineralization rates later in the incubation (Fig. 2B ).
Discussion
An increasing number of studies have demonstrated measurable bacterial utilization of components of the complex mixture of compounds that comprise natural humic substances [3^5,15] . To this point, however, there have been few studies of the utilization of humic substances by individual bacterial species. Kontchou and Blondeau [16] and Dari et al. [17] identi¢ed strains of soil Streptomyces that were capable of decolorizing soil humic acids, although none of the isolates was able to utilize soil humic acids in the absence of glucose. In this study we describe 18 bacteria that were capable of growth in an enrichment with estuarine humic substances as the sole carbon source, and nine that could mineralize [
14 C]humic substances in pure culture.
Linking bacteria in natural environments with the biogeochemical functions they perform and determining whether speci¢c functional abilities can be mapped to distinct phylogenetic groups are two important goals in microbial ecology [18, 19] . The humic substance-degrading bacteria in this study fell within three phylogenetic groups (K-Proteobacteria, Q-Proteobacteria, and Gram-positive bacteria), each represented by at least two di¡erent genera of bacteria. Members of other phylogenetic lineages were likely present among the uncharacterized humic substancedegrading isolates, but not identi¢ed because of morphological similarity to characterized strains. This relatively high level of diversity is not surprising given the structural complexity of the humic substances, which typically contain an aromatic core, aliphatic side chains, carboxyl Fig. 1 . Phylogenetic tree of 18 isolates obtained from humic substances enrichments after 1, 2, or 5 weeks, of incubation (in bold) based on partial 16S rRNA gene sequences. Isolates designated by the pre¢x FHS were obtained previously from the Satilla River site using similar humic substances enrichment techniques (unpublished data). The tree was generated by the PHYLIP package [13] using evolutionary distances calculated with Jukes^Cantor corrections and the neighbor-joining method (the bar represents six inferred changes per 100 nucleotides). A: Phylogenetic tree of K-Proteobacteria representing sequences aligned from positions 401^800 (Escherichia coli numbering system). B: Phylogenetic tree of Q-Proteobacteria representing sequences aligned from positions 651^890. C: Phylogenetic tree of Gram-positive bacteria representing sequences aligned from positions 601^910. Crenarchaeote (clone FFSC4) was used as an outgroup in all three trees. groups, and phenolic hydroxyl groups, among other chemical moieties [1] . Although our study is limited to only the culturable bacteria from the enrichment communities, it appears that organisms with a variety of phylogenetic af¢liations are capable of degrading humic substances in the estuarine/marine environment. Gonzälez et al. [7] likewise isolated bacteria associated with the K-Proteobacteria, Q-Proteobacteria, and the Cytophaga/Flavobacterium group Isolates presented as capable of utilizing aromatic compounds exhibited turbidity over three transfers in liquid medium and caused loss of absorbance in the medium in the 200^350-nm range. from marine enrichment cultures with a lignin derivative as the sole carbon source. Gram-positive bacteria often have the ability to form spores and thus their dominance in the culturable component of the enrichment cultures by week 5 may re£ect the absence of further readily metabolizable substrates. The facts that these isolates were cultured on a selective medium for growth on humic substances and that their phylogenetic relatives include bacterial genera associated with degradation of complex aromatic carbon sources suggest that the Gram-positive bacteria may have played an active role at some stage in the enrichment culture. The percent culturability of enrichment bacteria (number of colonies/ number of cells as determined by direct epi£uorescence microscopy) increased from 3% (week 1) to 32% (week 2) to 61% (week 5), suggesting that the culturable bacteria gradually became more representative of the enrichment community.
Identi¢cation of the closest relatives of humic substances-degrading isolates (based on percent similarity of 16S rRNA gene partial sequences) revealed bacterial relatives with a variety of physiological and phenotypic traits. KProteobacteria isolates HS141 (week 1), HS296 (week 2), and HS341 (week 2) were all similar to A. itersonni, a denitri¢er with low salt tolerance [20, 21] . Isolate HS146 (week 1; K-Proteobacteria) was most closely related to a Caulobacter species. These prosthecate bacteria are typically characterized as oligotrophic bacteria that adhere to surfaces, and have been isolated from a variety of littoral marine sources including coastal regions in the western USA and India [22] . Isolate HS199 (week 2; Q-Proteobacteria) was most similar in 16S rRNA gene sequence to the aerobic marine bacterium Alteromonas macleodii [23] and was also closely related to an isolate obtained previously from a lignin enrichment culture of southeastern USA seawater [7] . A number of Gram-positive isolates (HS346 (week 2), HS503 (week 5), HS596 (week 5), HS406 (week 5), and HS410 (week 5)) were closely related to Paenibacillus lautus, a facultative anaerobe from soil [24] and Paenibacillus glucanolyticus, a soil-associated facultative anaerobe capable of hydrolyzing various L-glucans including carboxymethylcellulose [25] . Others (isolates HS339 (week 2) and HS407 (week 5)) clustered with Bacillus oleronius, a cellobiose-and lignocellulose-degrading bacterium [26] and Bacillus subtilis. These isolates re£ect the ecological in£uences of soil, freshwater, and marine ecosystems on the estuarine bacterial inoculum used in this study. Ten of the 18 isolates were most closely related to bacteria typically isolated from soil, ¢ve were most closely related to isolates from marine environments, and three were most closely related to isolates from freshwater environments.
We looked for patterns in substrate utilization within the three major phylogenetic groupings as well as within the two clusters of closely related isolates in the K-Proteobacteria (related to A. itersonni) and the Gram-positive bacteria (related to Paenibacillus species). None of the three Q-Proteobacteria isolates (HS53, HS90, and HS199) was able to degrade single-ring aromatic compounds. Generally, however, functional abilities related to aromatic compound degradation did not correspond to phylogenetic groupings.
Although we originally hypothesized that aromatic ring cleavage might be correlated with the ability of the isolates to mineralize humic substances, this was not found to be the case. In some instances isolates exhibiting a broad range of single-ring aromatic compounds utilization (e.g. HS146) mineralized only a small percentage of [ 14 C]humic substances, while those unable to utilize any of the simple aromatic compounds (e.g. HS199) demonstrated the fastest decomposition rates of this complex substrate. Thus a signi¢cant fraction of the evolution of 14 CO 2 from humic substances may represent utilization of aliphatic chains, carboxyl groups, or other portions of the molecule that are not dependent on the ability of these isolates to degrade the core aromatic structures. Furthermore, the lack 14 C]DHP by four individual isolates (HS105, HS339, HS410, and HS596) and a natural marine bacterial community. Evolved 14 CO 2 was trapped in NaOH and measured every 3^7 days for 4 weeks. n = 3 þ 1 S.E.M.
